Abstract. Diabetes mellitus (DM) can be accepted as a heterogenous multi organ disorder that can affect various systems of the human body. Disorders include retinopathy, neuropathy, cardiomyopathy, musculoskeletal abnormalities such as diminished bone formation and bone healing retardation. Low bone mineral density is often mentioned as a complication for patients with insulin dependent diabetes mellitus (type I DM). Streptozotocin (STZ) induced diabetic rats are good models for investigation of the complications of insulin dependent diabetes. In the present study, the effects of STZ induced diabetes on the mineral environment of rat bones namely femur and tibia were studied by Fourier transform infrared (FTIR) spectroscopic technique. The results revealed that mineral crystal sizes increased and carbonate content decreased for diabetic femur and tibia. These changes can be due to the formation of osteoporosis which is widely seen in diabetic patients.
Introduction
Diabetes mellitus (DM) is associated with an extensive list of complications involving nearly every tissue in the body. Most studies indicate that it is a complication for patients with insulin dependent diabetes mellitus (IDDM, or type I), especially those with poor metabolic control [1] . It was associated with low turnover osteopenia either in the animal model or in type I diabetic children and adolescents [2, 3] . On the other hand, in patients with non-insulin dependent diabetes mellitus (NIDDM, or type II) the risk of osteopenia is not clear as in type I diabetes [4] . Conflicting results appear in literature such as the evidence of a decreased, normal or increased skeletal mass [5] [6] [7] . In these patients, increased adipose tissue in connection with the frequently seen overweight yields metabolically active steroid hormones and insulin related growth factors that may stimulate bone formation. Clinically, diabetes is often associated with reduced bone mass and delayed fracture healing in humans [6, 8, 9] . Experimentally, diabetes adversely affects the properties of intact bone and impairs fracture healing in rats [10] [11] [12] [13] [14] . Impaired bone formation due to a deficit of osteoblasts has been recognised as one of the important factors in the development of diabetic osteopenia [15, 16] . In matrix part of bone tissue, a decrease in total collagen content and defects in collagen cross-linking have been reported in the fracture callus of STZ induced diabetic rats compared with those in the controls [13, 14] . Glucose exposure, either in studies with diabetic animals or in enzymatic studies causes changes in mechanical behaviours of collagenous tissues. These changes are thought to be resulted from the reaction of the glucose to form new cross-links within the structural protein collagen. DM can affect bone formation and resorption by creating several metabolic irregularities in calcium-phosphate and acid-base balances. Primary disturbances in vitamin D and mineral metabolisms and a deficiency of insulin and IGF-I have been implicated in the pathogenesis of diabetic bone disease in animal models and IDDM patients [1, 2, [17] [18] [19] . On the other hand, free radicals have been shown to be involved in osteoclastogenesis and in bone resorption [20] and it is thought that diabetes mellitus is associated with increased oxidative stress. However, despite a large number of studies, mechanisms of osteopenia or at which extend the bone mineral structure is affected by this disease has not been clarified yet.
In the present study in order to gain structural information about the mineral part of diabetic rat bone tissue, the control and diabetic rat femur and tibia were analysed by Fourier transform infrared (FTIR) spectroscopic technique. This technique has been extensively used to study normal and diseased bones [21] [22] [23] [24] [25] . One of the advantages of it lies in the fact that FTIR spectra provide information from all tissue components. For example, the protein and mineral constituents produce intense, structure sensitive IR bands in bone tissues. The percent area of some of the underlying bands in phosphate stretching and bending modes in the spectra of bone samples are used to obtain information about the crystallinity of bone mineral.
Materials and methods

Animals and housing
Both sex weanling Wistar rats (200-250 g) were divided randomly into two groups as control and diabet (6 per group). They were caged initially at a density of three per cage and as they grew, were then caged individually. They were maintained at an ambient air temperature of 22±1 • C and a 12 h light/dark cycle. All groups of rats were fed at libitum. Rats were made diabetic by a single intraperitoneal dose of Streptozotocin (STZ) (50 mg/kg body weight, Sigma) dissolved in 0.05 M citrate buffer (pH 4.5) and were kept 4-5 weeks. Animals with a plasma glucose level with 2-3 fold of the control were accepted as diabetic. Prior to the experiments the animals were anesthesized with 30 mg/kg pentobarbital. The femur and tibia, taken from freshly killed animals, were removed from surrounding soft tissue and were stored frozen until FTIR spectroscopic data acquisition.
Fourier transform infrared spectroscopic analysis
The bone samples were ground in a liquid nitrogen-cooled colloid mill (Retsch MM200) and then placed in a vacuum freeze dryer (MAXI dry lyo, Heto). KBr pellets for FTIR study were prepared by mixing the ground bone with KBr (1 mg sample/100 mg KBr) under vacuum. FTIR spectra were recorded in the range of 4000-400 cm −1 on a Bomem MB157 spectrometer purged with dry air. Interferograms were averaged for 400 scans at 4 cm −1 resolution. GRAMS/32 (Galactic Industries Corporation, Salem, NH, USA) software was used for all FTIR data manipulations. The underlying bands in the ν 1 , ν 3 PO 3− 4 stretching region (900-1200 cm −1 ) were determined upon second derivative analysis. Then, baseline correction and curve-fitting were applied. Band shape was considered as Lorentzian-Gaussian. The process was iterated until a satisfactory fit between the computed and experimental band was obtained. The calculated area of each subband was reported as a percentage. Integrated area function of the same program was used to analyse relative amounts of carbonate and phosphate. For this purpose, in each of the raw spectra of femur and tibia belonging to the animals, the ratio of the integrated area of the ν 2 CO 2− 3 (850-890 cm −1 ) to the integrated area of the ν 1 , ν 3 PO 3− 4 absorbance band (900-1200 cm −1 ) was calculated after baseline correction of these peaks [26] .
Statistics
The results were expressed as mean ± standard deviation (SD). Data were analysed statistically by using Student's t-test and the p values less than 0.05 were considered statistically significant. Figure 1 shows a typical FTIR spectrum of a control group rat femur in 1850-450 cm −1 spectral region. As seen from the figure the spectrum is quite complex consisting of several peaks. The bands are labelled on the figure. Rat tibia has similar FTIR spectrum (not shown). The phosphate moiety present in hydroxyapatite gives rise to the peaks in two different spectral regions. The P-O symmetric and asymmetric stretching vibrations (ν 1 and ν 3 ) occur in the 900-1200 cm −1 spectral region as a broad peak whereas, the ν 4 asymmetric P-O bending vibration gives rise to sharp peaks in 500-660 cm −1 region. Evaluation of changes in the ν 1 and ν 3 phosphate absorption region is appropriate for monitoring the changes in the crystallinity of the hydroxyapatite phase in bone tissue [24] . Therefore, in the present study only this region was considered to gain information about mineral crystallinity. In this domain, the underlying bands contributing to the baseline-corrected spectra were determined using a combination of second derivative and curve-fit functions. Firstly, by using second derivative arithmetical function, six peaks and their relative peak positions were determined (Fig. 2a) . They located at 957, 989, 1020, 1063, 1112 and 1145 cm −1 , respectively. Band assignments of these six subbands were given in Table 1 . This information was used as initial parameters for curve-fit analysis of the ν 1 , ν 3 PO 3− 4 stretching region (Fig. 2b) . The location of the third band at 1020 cm −1 shows that for both of control and diabetic group rat bones, the mineral structure consisted of poorly crystalline nonstoichiometric hydroxyapatite. For [27] femur and tibia of control and diabetic group rats, the curve-fit results expressed as function of underlying band % area versus peak position were given in Fig. 3a and 3b , respectively. As seen from the figure the mean peak area significantly decreases for the forth peak for diabetic bone tissues. The relative carbonate:phosphate ratio was calculated as the ratio of the integrated area of the peaks of the CO 2− 3 (850-890 cm −1 ) and the PO 3− 4 (900-1200 cm −1 ) bands. This ratio was calculated as 0.0518 ± 0.0097 and 0.0353 ± 0.0037 for control and diabetic femur, and as 0.0398 ± 0.0078 and 0.0331 ± 0.0073 for control and diabetic tibia, respectively. These changes were summarised as a bar diagram in Fig. 4 . As seen from the figure the carbonate:phosphate ratio decreases significantly for diabetic femur as compared with control group femur.
Results
Discussion
The bone mineral is a poorly crystalline, carbonate and acidic phosphate-containing analogue of hydroxyapatite (HA), [Ca 10 (PO 4 ) 6 (OH) 2 ]. Although diabetes has been shown, both clinically and experimentally, to affect the properties of intact bone and bone with a healed fracture, changes in mineral properties of diabetic bone tissues have not been well established yet. Mineral features such as carbonate and phosphate content, crystallite size and mineral environment may be altered substantially as a function of tissue type, age and pathology. Therefore, the knowledge of HA crystal size in biological environments provides important insights into the structure of bone and the nature of the deposition and remodelling events that occur in normal and pathological processes [27] . In the present study structural information was obtained about mineral environment of control and diabetic rat bone tissues, by using the combination of second derivative and curve-fit results of the ν 1 , ν 3 PO 3− 4 stretching region of the FTIR spectra. We identified the changes in the crystallite sizes of diabetic rat bone mineral. As can be deduced from Fig. 3 , there is a significant decrease in the 1063 cm −1 subband of this spectral region in diabetic group. It was previously shown that the percent area of this band is inversely related to the crystal size [24, 28] . Thus, in diabetic rat femur and tibia the crystal size increased substantially.
In general, different parts of bone tissue from postmenopausal osteoporotic human subjects exhibited increased crystallinity [29] [30] [31] . Similarly, trabecular bone from ovariectomized monkeys contained larger apatite crystals (increased crystallinity) [31] . Osteoporosis defined by clinicians as decreased bone mass, is one of the major causes of death in postmenopausal women and to a lesser extent in men [29] due to increased susceptibility to fracture. The texture (i.e. the size, shape and arrangement) of the apatite crystals that comprise the mineral phase of skeletal and dental tissues is a major determinant in establishing the biomechanical properties of these tissues [32, 33] . It is thought that electrolytes such as carbonate may be a significant factor in controlling the size of apatite crystals in skeletal tissues by inducing proliferative growth of new crystals [34] . Considering this in mind, the relative carbonate/phosphate ratios were calculated for control and diabetic group rat bones. We found a decrease in the relative amount of carbonate in diabetic rat femur (p = 0.007). A similar decrease was also observed for diabetic tibia but in a lesser amount. In a previous study, the carbonate contents of bone apatites of osteoporotic Eskimos were determined to be lower as compared with normal bone [35] . In an other study on ovariectomized rats it was shown that the total carbonate content decreased in trabecular rat bone mineral [25] . Similarly, in a recent study carried out with ovariectomized cynomolgus monkeys, relative amount of carbonate decreased as compared with sham controls in the subchondral and cortical bone regions of proximal tibia [36] . These studies support our present findings. In contrast, in an FTIRM study of lumbar vertebrae from ovariectomized cynomolgus monkeys, the carbonate/phosphate ratio was shown to be higher as compared with the sham controls [31] . This may be due to functional and structural differences in bone tissues taken from different anatomical regions of the same species.
Conclusion
The present study highlighted the changes in mineral structure and composition of diabetic bone and confirmed that diabetes can cause osteoporosis. Increase in mineral crystal size and decrease in carbonate content are indications of diabetic osteoporosis. Therefore, FTIR spectroscopic technique can be used as a diagnostic tool for investigation of diseased bone tissues and to make comparisons between treated and untreated diseased bones by applying different therapeutic agents.
